Numerical study of supersonic combustors by multi-block grids with mismatched interfaces by Moon, Young J.
NASA Contractor Report 185306
AIAA-90-5204
Numerical Study of Supersonic
Combustors by Multi-Block Grids
With Mismatched Interfaces
Young J. Moon
Sverdrup Technology, Inc.
Lewis Research Center Group
Brook Park, Ohio
October 1990
Prepared for
Lewis Research Center
Under Contracts NAS3-25266
IWLSA
National Aeronautics and
Space Administration
(NASA-g"I-165306) NU_R_;_ICAL J_TU_)Y ._)g
5UPERS_BNIC CQM_USTi)RS JY MULTI-_Lr_CK
W[TH MISMATCHED INTFRFACE:.S Fin_1
(Sverdrup Technolo,jy) 14 p
2 L' [_o r t.
33/O7
N91-I1753
Unclas
0312054
https://ntrs.nasa.gov/search.jsp?R=19910002440 2020-03-19T20:12:01+00:00Z

Numerical Study of Supersonic Combustors
by Multi-Block Grids with Mismatched Interfaces*
Young J. Moon t
Sverdrup Technology, Inc.
Lewis Research Center Group
Brook Park, Ohio 44142
Abstract
A three-dimensional, finite-rate chemistry, Navier-
Stokes code has been extended to a multi-block code
with mismatched interface for practical calculations of
supersonic combustors. To ensure global conservation,
a conservative algorithm was used for the treatment of
mismatched interfaces. The extended code was checked
against one test case, i.e., a generic supersonic combus-
tor with transverse fuel injection, examining solution
accuray, convergence, and local mass flux error. After
testing, the code was used to simulate the chemically re-
acting flow fields in a scramjet combnstor with parallel
fuel injectors (unswept and swept ramps). Computa-
tional results were compared with experimental shad-
owgraph and pressure measurements. Fuel-air mixing
characteristics of the unswept and swept ramps were
compared and investigated.
Introduction
Interestin chemically reacting flow computation
for practical applicationshas been raised in recent
years.One ofthe goadsissimulatingthree dimensional
chemicallyreactingflow fieldsin a supersoniccombus-
tor to investigatethe fuel-airmixing enhancement. For
practicalapplicationto a three dimensional complex
geometry, such as a ecramjet combustor with ramp fuel
injectors,the main objectiveof the present work isto
extend a 3D finite-ratechemistry, Navier-Stokescode
to a multi-blockgrid code with mismatched interfaces.
A three-dimensional code, RPLUS3D [1], has
been developed for chemicallyreactingflowsat NASA
Lewis Research Center. The code uses an implicitfi-
nite volume, Lower-Upper (LU} method to solve the
Reynolds averaged full Navier-Stokes equations and
speciestransport equations in a fullycoupled manner.
A chemistry model with nine speciesand eighteenreac-
tionsteps isused to representthe chemical reactionof
H_ and airwhich isincorporatedwith a comprehensive
realgas property model.
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In the presentwork, the code has been extended
to a multi-blockgridcode for handling complex three-
dimensional geometries. The multi-blockgridsare al-
lowed to have mismatched grid interfacesat the block
juncture plane. The mismatched grid interfacepro-
duces a greatdeal ofgeometric flexibilityingridgener-
ation,especiallyinthree-dimensionalcases.Sincemost
interestliesinstudying mixing mechanisms and chem-
icalreactionsin a supersoniccombustor, the presence
of shock waves in the flow fieldisinevitable.In or-
der to ensure proper shock-capturing properties,the
mismatched grid interfaceistreatedby a conservative
algorithm which balances the fluxesat the interfaceso
that globalconservationisautomaticallysatisfied.De-
tailsofthe method willbe explainedin a latersection.
In this study, the modified RPLUS3D code was
testedfirstfor validation.A genericsupersoniccom-
bustor with transversefuel (hydrogen} injectionwas
considered as a testproblem. The computational do-
main ofthe combustor was splitintotwo blockswhose
interfaceisset so that the gridsmismatch each other.
Tests compared resultof a two block grid with that
of a singleblock grid,in terms of solutionaccuracy,
covergence rate,conservationrequirements, and com-
putationaltime and memory. The conservationwas
checked by captured shock definitionand localmass
fluxerror.One-to-one comparisons of the two results
willbe presented inthe Resultssection.
After this testing,a supersonic combustor with
parallelramp fuel injectorswas simulated by the
presentnumercial technique. This problem has been
extensivelyinvestigatedexperimentally [2,3]and nu-
merically [4,5]at NASA Langley for the mixing en-
hancement study in a supersonic cumbustor. Com-
plicatedmixing mechanisms were observed due to in-
teractionsofvarioushydrodynamic characteristicsand
chemical reactions.Inthe presentstudy,computations
with use of the multi-block grid strategy were made
forthe unswept and swept fuelramp cases.Wall pres-
sure distributionswere compared with the experiment
conducted at NASA Langley [3].Detailedcomparisons
and anaylsiswillbe presentedin the Resultsection.
1LPLUSSD Code
The RPLUS3D code solves a strong conservative
form of the three-dimensional, compressible, Reynolds-
averaged full Navier-Stokes and species transport equa-
tions in a fully coupled manner.
The finite-rate chemical reaction of hydrogen and
air is modeled with nine species and eighteen step re-
action mechanism. The specific heat, thermal conduc-
tivity and viscosity of each species are given as fourth-
order polynomials of temperature and the coefficients
of these polynomials are valid up to a temperature of
6000°K. The specific heat of the gas mixture is ob-
tained by concentration weighting of each species, while
the thermal conductivity and viscosity of the gas mix-
ture are calculated from Wilke's mixing rule. The bi-
nary mass difnsivity between two species is obtained
from the Chapman-Enskog theory in conjunction with
the Lennard-Jones intermohcular potential function,
and the diffusion of a species in a gas mixture is ap-
proximated by Fick's law [6,7].
Once the thermodynamic properties, chemical re-
action rates, and diffusion coefficients have been com-
puted, the governing equations are solved by an
implicit, finite-volume, LU(Lower-Upper) scheme [8].
Here source terms in the species equations are treated
implicitly, to suppress the stiffness problem. Also the
LU scheme in the left hand side is formulated in such
a way that only scalar diagonal inversion is required
for the flow equations and diagonal block inversion for
the species equations. The spatial differencing uses the
central differencing with the second and fourth order
artificial dissipation terms.
Multi-Block Grids and Mismatched Interfaces
For enhanced application of CFD to practical,
complex three-dimensional applications, multi-block
grids are necessary unlessunstructured grids are used.
A single block structured grid encounters not only diffi-
culties in grid generation but also issues in grid quality
such as skewness or clustering in unnceasary regions.
The RPLUS3D code is presently written as a single
structured grid solver, and therefore extension of the
code to a multi-block grid (three dimensional patched
grid) with mismatched interfaces has been pursued. For
minimal complication, a main program module was de-
veloped for multi-block data storage, management and
communication, and interfaces with the single block
solver with chemistry.
In the present work, multi-block grids are allowed
to have a mismatched interface at the block juncture
plane. The mismatched grid interface produces more
geometric flexibility in grid generation, especially in
three-dimensional problems. Since current interest lies
in supersonic combnstor computations, the presence of
shock waves in the flow field is inevitable. In order
to ensure proper shock-capturing properties, the mis-
matched grid interface must be treated by a conserva-
tive approach. The basic principle is based on balanc-
ing of the spatial fluxes at the interface so that global
conservation is automatically satisfied. However in the
present wcrk an alternative approach was taken, i.e.,
balancing the time fluxes at the interface. The shock
capturing capability of this approach was demonstrated
for two and three dimensional patched grids [9,10] and
also for two dimensional overlaid grids [11 l.
At a juncture plane, the time flux balance is writ-
ten as
By assuming equal spacing in the f-direction across
the interface, gq. (1) is reduced to a two dimensional
form as
Eq. (2) requires the partial areas of overlap between
mismached cells, which are used for weighting coef-
ficients in the interpolation process. With the above
approach, one more step of genealization was taken for
handling mixed block boundaries, that is, a cell of block
1 faces with partial cells of block 2 and with a physi-
cal boundary such as a wall. In this case, the block 1
cell interpolates with area-based coefficients from the
block 2 cells and from the block 1 cell itself to which
the no-slip wall condition applied. This mixed bound-
ary update procedure was required for the parallel fuel
ramp combustor calculations in the region along the
ramp edge.
Data between multi-blocks communicate at each
iteration through boundary interface treatment. This
procedure updates the boundary condition at each in-
terface after interior cells of each block ara solved.
Results and Discussion
Test Case
As a validation test, a generic supersonic comnstor
with transverse fuel injection was considered. Incom-
ing air is at Much 4, 1 atm, and 1300 °K. A sonic
hydrogen jet is transversely injected at 8 atm and 700
oK through a circularnozzleport with diameter of0.12
cm. The geometric configurationof the comhustor is
shown in figure1. The top plane containingthe in-
jectorwas considered as an adiabaticwall where a no-
slipboundary condition was applied,while symmetric
boundary conditionswere used on the side walls. At
the exit plane,the conserved flow variableswere ex-
trapolated. First,calculationswere made for a single
block grid (60x40x44).
For comparison purposes, the combustor was split
intotwo blockswith mismatched interfaceat elevendi-
ameters downstream of the inlet (shown in figure 2(a)).
The two block grid was made to have similar resolution
as the single block grid (i.e. 50x40x44 and 13x40x44
for block 1 and 2) The interface was set so that the
grids mismatch each other. The detailed view of the
mismatched grid interface is shown in figure 2(b). Here
solid and dotted lines represent block 1 and 2 meshes,
respectively.
The CPU times used for the single block and the
two block grids were 9.3 and 9.46 (sec/iteration) respec-
tively on CRAY Y-MP, and the required memory was
16.41 and 18.51 (megawords), respectively. With the
fact that the two block grid has 5,280 more points than
the single grid, two blocks require approximately 1.7 %
overhead in CPU for boundary interface treatment and
data storage management and 12.8 % overhead for the
memory.
Both cases were computed for 1000 iterations. The
convergence history of the two cases is shown in figure
3, where the residual is represented by the L2 norm
of density. It is shown that the residual of the two
block grid falls behind of that of the single block by one
order of magnitude at the 1000th iteration. However,
the convergence behavior of both cases was satisfactory
overall.
The present conservative approach for the mis-
matched interfacetreament can be validatedby com-
paring shock definitionin densitycontour plot of the
two block solutionwith that of the singleblock solu-
tion(seefigure5(a)).Alsolocalmass fluxerrors(shown
in figure4) are approximately within 0.2 _ for both
cases. Note that the absissanormalised by injection
port diameter d, begins downstream of the injection
port locatedat 5 z/d.
Figure 5 and 6 show comparisons of contours of
density,H_O mass fraction,and//2 mass fractionbe-
tween the two cases. The plotswere taken on the xy
plane at the centerof the fuelinjectionport. In gen-
eral,good agreement was observed between the two
solutions,indicatingthat the solutionaccuracy ispre-
servedacrossthe interfaceboundary.
Scramjet Combustor with Parallel Injection
Ramps
A scrarnjetcombustor with parallelfuelinjection
ramps has been studied experimentally [2,3]and nu-
merically[4,5].The main purpose ofthisinvestigation
was toexploretechniquesto enhance the relativelyslow
mixing associatedwith parallelinjectionwhich may be
usefuldue to a thrust contributionby the momentum
of the fuel at high speeds. This particularproblem
was chosen as a suitableapplicationtotestthe present
multi-block/mismatched interface,chemicallyreacting
code.
The perspectiveview ofthe unswept and swept in-
jectorramps isshown in figure7(a),with a schematic
geometry descriptionshown in figure7(b). Nominal
testconditionsfor the Mach 2 high temperature viti-
ated incoming airat the leadingedge ofthe ramps are
P = 102000 (N/rn 2)
T = 1024 OK
M=2
CtH_O = 0.182
ao_ = 0.256
sly2 = 0.562
and at the hydrogen jet at the injector port are
P = 325200 {JV/m _)
T = 187 oK
M= 1.7
• = 1.2
where • is fuel equivalence ratio.
The detailed informations for this experiment can be
found in reference [2].
In the present study, the compuational domain was
limited to the region between centerplanes of the injec-
tor port and the duct. For both the unswept and swept
cases,threeblocksofgridwere used (seefigure8 (a,b)).
Notice that block 1 and 2 occupy differentregionsof
space around the ramp inthe unswept and swept cases.
The geometry ofthe unswept ramp issimplerthan that
ofthe swept ramp which has a connectingbridge atthe
leadingedge with the mated one. The unswept ramp
consistsofmeshes, 44x20x30, 44x30x44, and 44x40x44
forthe block 1,2,and 3,respectively,while the swept
ramp meshes are 44x40x30, 44x30x30, and 44x40x44.
The meshes of each block for both cases are shown in
figure 9 (a,b). In the computations, wails are consid-
ered adiabatic and flow is assumed laminar. Also the
top wail was considered as a symmetry plane (inviscid
wall) to reduce grid points. At the mismatched block
interfaces, boundary conditions are updated by the pro-
cedure explained in the previous section.
Approximately20megawordsof memorywerere-
quiredfortheunsweptandsweptcaseswherea total of
0.162 and 0.17 million mesh points were used, respec-
tively. The CPU times were 19 sec/iteration on CRAY
Y-MP and took approximately 25.3 hours of computa-
tion for 4800 iterations in each case. The convergence
history for both cases is shown in figure 10, where solid
and dotted lines represent the unswept and swept cases,
respectively. The residual for the unswept case drops
approximately three order of magnitude, while even
slower convergence was observed in the swept case due
to more unsteadiness of the flow characteristics. Local
mass flux errors for both cases are shown in figure 11
(downstream of the jet injection). The local maximum
of the mass flux error is below 1 _.
Contour plots of density at the jet centerplane for
both unswept and swept cases are compared with an
experimental shadowgraph (swept case) in figure 12 (a-
c). Most flow features such as the ramp shock, fuel jet
plume, shear layers, and expansion fan at the end of the
ramp can be seen in both cases. Simply due to a differ-
ence in ramp shape (sweep), two things can be clear,/
noticed. First, the swept ramp generates a stronger
ramp shock and a more persisting reflected shock from
the top wall, because its geometry is two dimensional
at the leading edge. Second, the fuel jet at the down-
stream exit is more lifted off from the ground clue to the
interaction with strongly-induced vortical flow gener-
ated along the edge of the swept ramp side wall. Figure
13 (a,b) show contours of axial component of vorticity
(only in clockwise rotation) generated along the ramp
side wall edge for the unswept and swept cases. The
vortices of the unswept case are bound closely to the
side wall of the ramp, while stronger and more cohere-
nent structures of vortices are exhibited in the swept
case due to the sweep of the ramp itself.
Some pressure distributions of computational re-
suits are compared in figure 14 and 15 with experi-
mental data [3]. Figure 14 (a,b) show wall pressure
distributions at the jet ce_terplane for both cases. De-
spite the fact that the measured flow condition was tur-
bulent and a limited number of grid points was used,
good agreement was obtained for the unswept ramp
case. However, for the swept case, some discrepan-
cies are evident at the leading ec]ge of the ramp and
downstream of the jet injection. According to refer-
ence [5], the swept ramp has a small forward facing
step in the test section caused by model misalignment,
possibly resulting in a higher pressure at the leading
edge. In addition the swept ramp case showed a dis-
tinct side wall effect [3] which was not dramatically
discernable in the unswept case, and in consequence
mixing and combustion downstream of the jet injec-
tion was directed toward the centerplane between two
swept ramps. This might explain disagreement of the
data point at the downstream of the injection, since the
present computation assumed perfect symmetry at the
ceuterplane of the jet injection. Figure 15 (a,b) shows
wall pressure distributions of both cases at the cen-
terplane between the two ramps. Agreement with ex-
periment seems reasonable for the unswept ramp case,
considering the coarseness of the grid at the center-
plane. However, the swept case shows a considerable
disagreement at the two middle points, while disagree-
ment at the first two points can be similarily noticed in
the unswept case and at the last data point due to the
movement of the jet direction explained earlier. These
two points are located at and upstream of the fuel in-
jectiou port. A high pressure rise might be caused by a
flame holding effect due to the hydrogen penetration in
the upstream direction [3]. Unfortunately the present
calculations did not pick up this effect. As pointed out
by C. McClinton and D. Capriotti [12], two possible
contributors may be a laminar flow assumption, and
uniform inflow condition started at a very short dis-
tance upstream of the ramp leading edge, so that the
boundary layer was not fully established when entering
the ramp.
Figures 16(a-f) shows cross flow velocity vectors
at six different locations downstream of the fuel jet in-
jection for the swept ramp. Mixing of the fuel jet de-
velops in an interaction with the strong vortical flow
generated by the swept ramp. Figures 16 (b,c) show
merging of a ramp vortex into the jet and formation
of a single vortex (figure 16(d)). Figures 16 (e,f) show
further development of the vortex and also a growing
counter-rotating secondary vortex at the lower corner,
indicating jet lift-off from the ground.
Figures 17 (a,b) and 18 (a,b) show coutoure of/'/2
and 1"120 mass fraction at five different downstream
locations of both unswept and swept cases, exhibit-
ing mixing and combustion characteristics of the par-
allel fuel injection. Downstream development of the jet
structure deformation can be well observed. Deforma-
tion of the fuel jet has already begun at the second
location for the swept case, and at the third location
the jet is off the wall. Finally the jet core region is de-
tatched from the centerplane and mixed with air, while
in the unswept ramp case the core is deformed but re-
mains at the centerplane. Similarily, better mixing and
combustion for the swept ramp case can be observed
by development of H20 formation.
Conclusions
The extended three-dimensional, finite-rate chem-
istry, Navier-Stokes code for a multi-block grid with
mismatchedinterfaceshasbeentestedforagenericsu-
personicombustorwith transervefuelinjection. The
solution of a two block grid was compared with that of
a single block grid. Accuracy was not affected by the
mismatched interface treatment, while the convergence
was slightlyslowed. Also local mass flux errorsare
within 0.2 %, indicatingthat conservationwas main-
tained.
The code was then used for simulatingchemically
reacting[low fieldsofparallelfuelinjectorsin a scram-
jetcombustor. The cumbustor with unswept and swept
ramps was filledby approximately 0.17 millionmesh
pointsin three blocks of grid with mismatched inter-
faces. Compuation required approximately 20 mega-
words ofmemory and 25 hours of CPU time on CRAY
Y-MP for 4800 interations(threeorder of magnitude
drop in residual).Density contour plots at the ramp
centerplanefavorably compare with the experimental
shadowgraph. The wall pressure distributionagrees
well with experiments for the unswept case. How-
ever some discrepancieswere observed for the swept
ramp case,due to model misalignment in the experi-
ment and compuationally neglectingside wall effects.
Also the assumption of laminar flow may possibly
contribute to missing upstream combustion. Finally,
mixing and combustion enhacement was distinctively
demonstrated for the swept ramp case,due to the in-
teractionof the fueljet with more strongly induced
vorticalflow generated at the swept ramp sideedge.
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Figure 17(a). H 2 mass
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(unswept)
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Figure 18(a). H20 mass
fraction
(unswept)
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